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© Photosensor with multiple light sources. 

© The quantitative determination of various 
materials in highly scattering media such as 
living tissue may be determined in an external, 
photometric manner by the use of a plurality of 
light sources positioned at differing distances 
from a sensor. The light from said sources is 
amplitude modulated, and, in accordance with 
conventional frequency domain fluorometry or 
phosphorimetry techniques, the gain of the sen- 
sor is modulated at a frequency different from 
the frequency of the light modulation. Data may 
be acquired from each of the light sources at 
differing distances at a frequency which is the 
difference between the two frequencies des- 
cribed above. From these sets of data from each 
individual light source, curves may be construc- 
ted, and the slopes used to quantitatively deter- 
mine the amount of certain materials present, 
for example oxyhemoglobin and deoxyhemog- 
lobin in living tissue, or to determine at least the 
relative concentration of a material such as 
glucose. 
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BACKGROUND OF THE INVENTION 

The determination of the optical properties of tis- 
sues is of fundamental importance in many fields of 
medicine, both for diagnostic and monitoring purpos- 
es. It is well known that light of differing wavelengths 
penetrates differently in various tissues. In the near 
infrared region, for example, (about 650 nm to about 
1000 nm), light of this wavelength penetrates several 
centimeters through tissue. It is intended that the 
term "light" includes other electromagnetic radiation 
as well which is invisible to the human eye, for exam- 
ple, infrared and ultraviolet. 

Because of the capability of various forms of light 
to penetrate tissue for several centimeters, photo- 
metric or spectroscopic methods can be used to 
measure the concentration of tissue metabolites such 
as hemoglobin by the measuring of the absorption of 
the light at one or more wavelengths. It is desirable 
and important that apparatus which measures the 
optical properties of tissues for clinical purposes pro- 
vide quantitative information of a desired parameter, 
for example the concentration of oxyhemoglobin, or 
deoxyhemoglobin, glucose, or other metabolites. 

In normal practice, the absolute determination of 
the concentration of a substance can be obtained by 
the measurement of the light transmitted through a 
sample of known thickness. Such a transmission 
measurement enables one to determine the absorp- 
tion coefficient. Using this, the concentration of the 
measured substance can be calculated using the mo- 
lar extinction coefficient of that substance via the 
Beer-Lambert law. 

In the event of interference caused by more than 
one substance being present, measurement at differ- 
ent wavelengths can provide a method to determine 
the concentration of one or more different chemical 
species present, assuming that the materials present 
have different absorption spectra. The success of 
this method depends on the precision of the measure- 
ment and on the number of different substances pres- 
ent. 

Additional problems arise in the photometry of 
tissues and other materials having high turbidity, 
such as emulsions. For purposes of this disclosure, it 
is to be understood that the term "tissue" includes liv- 
ing materials, but can also include non-living materi- 
als such as emulsions when it is desired to obtain sim- 
ilar data from such emulsions as is done by this inven- 
tion with tissues. A measurement of the light transmit- 
ted through a slab of tissue has in the prior art been 
not practical, using non-invasive methods, except for 
special, thin regions of the body where light can shine 
entirely through the tissue and be detected on the 
other side. An example of this is a clinically used pho- 
tometric blood oxygen sensor, which fits on the finger 
tip and shines directly therethrough to give real time 
oxygen concentration data. 



In tissue photometry, the amount of transmitted 
light depends not only on the absorption of the me- 
dium being analyzed, but also on the scattering prop- 
erties thereof. This light scattering greatly increases 

5 the complexity of photometric analysis of tissue, 
emulsions, and similar materials, since light scatter- 
ing produces an unpredictable variation of the amount 
of light transmitted, which can vary significantly be- 
tween various samples of tissues and the like. 

10 Many different methods have been proposed to 
deal with this problem of scattering in photometric 
processes. For example, empirical corrections based 
on the type of tissue to be measured have been used 
to account for the effect of scattering on the absorp- 

15 tion properties. For reflection measurements, theo- 
retical models have been used to calculate the albedo 
of a surface. The success of all of these models has 
been poor, although there are commercially available 
instruments based upon those principles. A major 

20 problem is that in order to obtain a reasonable esti- 
mate of the concentration of a substance in tissue, 
some sort of a priori calibration must be performed, 
based on a statistical analysis of a large number of 
corresponding tissue samples. However, the range of 

25 variation of scattering within tissues from various in- 
dividuals results in fundamentally unpredictable re- 
sults, with the photometric results being strongly 
modified by factors such as skin color, and the 
amount of lipids in muscles. 

30 The Hamamatsu Company of Japan in 1990 in- 
troduced a simple tissue spectrometer called NIRO 
500 for the measurement of tissue oxygenation and 
total blood volume for neonatal monitoring. The prin- 
ciples of this device are as disclosed in Cope U.S. Pa- 

35 tent No. 5,032,024. The instrument is a steady state 
instrument, and is based on four different laser di- 
odes emitting in the near infrared range. The light is 
brought to the tissue using a fiber optic system. The 
measurement is purely a steady-state one, with the 

40 optical path length in the tissue being not measur- 
able. Thus, contrary to this invention, only relative 
quantities can be obtained, rather than absolute con- 
centrations of oxy-and deoxy- hemoglobin. 

By this invention, absolute quantities of materials 

45 found admixed in highly turbid media may have their 
concentrations determined in a quantitative manner. 
Specifically, by this invention tissue metabolites may 
be quantitatively determined in real time, on a contin- 
uous basis, for example, concentrations of oxy- and 

so deoxy-hemoglobin, glucose, or the like. This can be 
accomplished without the need to pass light through 
a narrow portion of tissue, for example an extremity 
such as the finger. Rather, a sensor may be placed on 
a more central area of the body for determination of 

55 metabolite concentrations or other parameters there. 
This may be accomplished in a non-invasive manner, 
essentially instantaneously. Also, it may be possible 
for different metabolites present to be selectively and 
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quantitatively determined on an essentially instanta- 
neous basis. 

Some materials such as glucose lack a strong ab- 
sorption line at a convenient wavelength of I ight which 
can be used for photometric determination through 
tissue. In this circumstance, the problem of photomet- 
rically determining concentrations of glucose or other 
metabolites in tissue or materials in an emulsion be- 
comes quite difficult. 

By this invention, a method is provided in which 
the concentration of an ingredient of a highly scatter- 
ing medium, for example glucose in tissue, can be de- 
termined and monitored in real time on a relative con- 
centration basis by a photometric technique in which 
no band of the light is strongly absorbed by the ma- 
terial being monitored. 

DESCRIPTION OF THE INVENTION 

In accordance with this invention, one may ana- 
lyze for the presence and concentration of a sub- 
stance in a highly turbid medium such as tissue of a 
patient by the steps of: sequentially illuminating and 
shutting off a plurality of light sources which are 
spaced at different distances from a light sensor, 
while modulating the intensity of light from said light 
sources at a first frequency and passing said modu- 
lated light through the turbid sample for testing and 
then to said sensor. One also provides a signal coher- 
ent with the modulated light, at a second frequency, 
to the light sensor, to modulate the gain of, or multiply 
the output of, the light sensor by the coherent signal, 
the second frequency being different from the first 
frequency. One then derives a resultant signal from 
the sensor while receiving the modulated light, the re- 
sultant signal being at a frequency of the difference 
between the first and second frequencies. From this, 
it becomes possible to detect at least two of the fol- 
lowing characteristics of the modulated light sensed 
by the sensor the phase shift component, the DC 
component, and the AC component. 

The terms "DC component" and "AC component" 
define differing portions of the amplitude of the light 
from the light sources. Specifically, as previously de- 
scribed, the lightfrom the light sources is of amplitude 
modulated intensity, so that it becomes brighter and 
dimmer in a cycle at the first frequency. This frequen- 
cy is typically very high (e.g. 80 to 200 MHz) so that 
the fluctuation of light intensity is invisible to the eye. 
The AC component of the light comprises the change 
in light intensity from the peak of the cycle to the 
trough of the cycle; that is, the maximum change in 
the amplitude of the light intensity as it goes through 
its rapid cycle of amplitude modulation. The DC com- 
ponent is that portion of the light intensity measured 
from zero to the minimum intensity that the light al- 
ways possesses, which of course is found at the bot- 
tom of the troughs of the wave pattern imposed on the 



light by the amplitude modulation. 

Therefore, the maximum intensity of the light sig- 
nal, found at the top of each wave, is the sum of the 
DC and AC light components. The minimum intensity 

5 of the light in its amplitude modulated cycle is the DC 
component alone. 

In accordance with this invention, as the ampli- 
tude modulated light passes through human tissue or 
another highly turbid material to the sensor, the phase 

10 of the amplitude modulated light signal will shift, and 
the DC and AC components will attenuate. From this 
information, it is possible to obtain quantitative infor- 
mation as to the concentrations of certain materials 
present in the tissue on a real time or moment-by-mo- 

15 ment basis. 

This is preferably accomplished by sequentially 
turning on and off the plurality of light sources which 
are at differing distances from the light sensor. Thus, 
by the data provided from each of these plural light 

20 sources of differing distances, differing values for 
phase shift, DC component, and/or AC component 
may be determined separately for each light source to 
compute linear graphical data having characteristic 
slopes. Once the slopes are known, the values of 

25 scattering and absorption coefficients at the wave- 
length of the light used can be computed. From these 
values, particularly at two different wavelengths, ab- 
solute concentrations of materials present such as 
oxyhemoglobin, deoxyhemoglobin, and/or glucose 

30 can be calculated. Once the concentrations of oxyhe- 
moglobin and deoxyhemoglobin are known, for exam- 
ple, the oxygen saturation and the blood volume of a 
patient can be calculated. 

This can be accomplished in very short order 

35 through a microprocessor or the like, so that these 
values can be displayed in real time to a physician or 
nurse simply by applying a sensor head to the skin of 
a patient, without any need for the light to pass entire- 
ly through the tissue of the patient to the other side. 

40 The concentration of materials such as glucose 
can be determined by monitoring changes in the scat- 
tering coefficient The scattering coefficient can be 
determined without the material being analyzed hav- 
ing a characteristic strong absorption band at the wa- 

45 velength of light used. Without wishing to be held to 
any particular theory of operation of the invention of 
this application, it is believed that the scattering coef- 
ficient depends upon the concentration of the glucose 
or other material being tested in the highly scattering 

50 medium such as tissue. Achange in the concentration 
of the glucose present changes the index of refraction 
of the aqueous portion of the highly scattering me- 
dium. For example, if the concentration of glucose 
present in an aqueous fat emulsion is being moni- 

55 tored, the fat phase of the emulsion may have an in- 
dex of refraction of, say 1 .42, which is the index of re- 
fraction of soybean oil. The index of refraction of the 
water phase of the emulsion is about 1.33. The index 
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of refraction of water containing differing concentra- 
tions of glucose will vary through a range, causing the 
scattering characteristics of the overall emulsion to 
vary. Thus the scattering coefficient of the turbid me- 
dium varies with the concentration of glucose pres- 5 
ent. 

When the index of refraction of the aqueous me- 
dium matches the index of refraction of the suspend- 
ed particles, scattering ceases to exist. Thus, if the in- 
dex of refraction of the scattering particles in a me- 10 
dium is constant, the scattering coefficient of the me- 
dium becomes a function of the index of refraction of 
the remaining portion of the medium. Thus the con- 
centration of the glucose or other material in the aqu- 
eous portion of a scattering medium can be deter- 15 
mined from the scattering coefficient, either by com- 
parison with base line data, or tables of precalculated 
measurements in the case of simpler emulsions. 

Typically, in view of the variability of the scatter- 
ing characteristics of different samples of tissue, one 20 
uses baseline data taken on the very same tissue so 
that relative changes in the concentration of glucose 
or another material can be monitored by comparison 
with that basel ine data. Thus a diabetic patient, for ex- 
ampie, can monitor his blood sugar concentration by 25 
simply applying a photometry head to the same part 
of his body on a repeated basis, for example the thigh 
or the forearm. The scattering coefficient can be com- 
puted with every reading through software in the pho- 
tometry apparatus. Any change in the scattering 30 
coefficient can be indicated by some conventional 
alarm mode to give a diabetes patient, for example 
the opportunity to frequently monitor himself or her- 
self throughout the day for any changes in the blood 
sugar level. 35 

The sensor for detecting light in this invention can 
detect scattered light in the tissue, so that the light 
paths from the light sources to the sensor do not have 
to be linear. In fact, the direction of light emission and 
the general direction of light sensing may be parallel, 40 
as illustrated by the specific embodiment of the sen- 
sor head disclosed herein. 

Preferably, the sensor for detecting light used 
herein may also carry the light sources in a common 
sensor head along with the sensor, plus a shield to 45 
prevent the direct access of light from the light sourc- 
es to the light sensor without passing through the tis- 
sue of the patient. 

The sensor instrument of this invention may car- 
ry an electronic processor for computing the slopes so 
of at least two of the phase shift, the DC, and the AC 
components which are provided by separate signals 
from each of the plurality of light sources of differing 
distances. From this, the processor can also compute 
the scattering and absorption coefficients of the tis- 55 
sue. From this, for example, the absolute concentra- 
tions of at least one of oxyhemoglobin and deoxyhe- 
moglobin present in the tissue may be computed from 



typically the absorption coefficient. The sensor in- 
strument may then have means for displaying such 
concentration or concentrations as a real time value. 

The intensity of the light from the light sources 
may preferably be amplitude modulated at about 50 
to 150 MHz. The second frequency of the second sig- 
nal is of the same order, but differing from the first fre- 
quency typically by about 10 Hz to 100 KHz. 

Typically, the light which is used is of a wave- 
length of about 650 nm to about 1 000 nm, with at least 
three light sources of differing distances being pres- 
ent. However, it is preferred for at least six light sourc- 
es of differing distances to be present, with the light 
sources being disposed in a pair of rows to provide 
pairs of light sources in the respective rows of the 
same distance from the sensor. This permits the si- 
multaneous gathering of data at different light wave- 
lengths, which different light wavelengths are emitted 
each by one of the rows of the sensors, for more ac- 
curate data gathering. 

It is also preferred for each of the plurality of light 
sources to be sequentially activated (illuminated) for 
a length of time that is an exact multiple of a wave 
having a frequency which comprises the difference 
between the first and second frequencies as descri- 
bed above (the "cross correlation frequency"). 

Also, the information sensed by the light source 
may be summed and averaged from about eight to 
about eight hundred times of repetition, to obtain an 
intensified average of the photometric information re- 
ceived from each light source. 

Typically, the method and apparatus of this in- 
vention make use of principles of frequency domain 
fluorometry and/or phosphorimetry which are well 
known, being disclosed for example in Gratton U.S. 
Patent Nos. 4,840,485; 5,212,386, and 5,323,010 
among others. 

Further accordance with this invention, one may 
determine the relative concentration of a material in 
a turbid medium such as tissue of a patient by a meth- 
od which comprises: shining light through said turbid 
medium; determining the scattering coefficient of 
said light that has passed through said turbid me- 
dium; and comparing said scattering coefficient with 
a previous scattering coefficient determined with re- 
spect to said tissue. 

It has been found that many materials in turbid 
media will cause the scattering coefficient of light 
through said turbid medium to vary as the concentra- 
tion of the material varies. Specifically, the concen- 
tration of glucose in the tissue of a living patient is ca- 
pable of such monitoring. The process preferably 
works for solutes in the aqueous phase of living tis- 
sue, or in the aqueous phase of an emulsion. The 
process is particularly advantageous in those circum- 
stances where it is not convenient to do the photomet- 
ric measurement at a wavelength which the solute 
strongly absorbs. 
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Thus, the glucose level of a patient can be moni- 
tored by the photometric method of this invention. 
The method may not be quantitative, so that it is most 
desirable to compare the results with a base line of 
scattering coefficient data determined upon the same 5 
tissue of the patient, or any other sample for measur- 
ing. Thus, a normal scattering coefficient can be de- 
termined, so that future measurements can monitor, 
for example, the glucose level of a diabetic patient by 
the simple application of a light cell and sensor to the io 
skin of the patient, for example the thigh, forearm, or 
stomach. Any perceived change in the scattering 
coefficient away from the base line value is an indi- 
cation of a change in the glucose content, to serve as 
a warning to the patient that action needs to be taken. is 

One may preferably analyze for the presence and 
concentration of such a substance in a highly turbid 
medium such as tissue of a patient by the steps of: se- 
quentially illuminating and shutting off a plurality of 
light sources which are spaced at different distances 20 
from a light sensor, while modulating the intensity of 
light from said light sources at a first frequency and 
passing said modulated light through the turbid sam- 
ple and then to said sensor. One also provides a sig- 
nal to the light sensor which is coherent with the 25 
modulated light, at a second frequency, to modulate 
the gain of, or multiply the output of, the light sensor 
by the coherent signal, the second frequency being 
different from the first frequency. One then derives a 
resultant signal from the sensor while receiving the 30 
modulated light, the resultant signal being at a fre- 
quency of the difference between the first and sec- 
ond frequencies. From this, it becomes possible to 
detect at least two of the following characteristics of 
the modulated light sensed by the sensor that is the 35 
phase shift component, the DC component, and the 
AC component These are compared with the corre- 
sponding components of the modulated light as it is 
originally emitted by the light sources. 

40 

DESCRIPTION OF DRAWINGS 

Fig. 1 is an elevational view of the sensor instru- 
ment of this invention, shown attached to the arm 
of a patient for sensing parameter of body tissue; 45 
Fig. 2 is a schematic bottom plan view of the sen- 
sor instrument of Fig. 1, showing details of the 
sensor head; 

Fig. 3 is a block diagram of the electronics of the 
sensor instrument of the previous drawings; so 
Fig. 4 is a diagram of a multiplexer circuit for turn- 
ing the multiple light sources on and off in se- 
quence, while causing the light emitted to be am- 
plitude modulated at a high frequency; 
Fig. 5 is an exemplary graph showing how the ap- 55 
paratus of this invention is capable of determin- 
ing hemoglobin saturation non-invasively in a pa- 
tient in real time. 



Fig. 6 is an exemplary graph showing how the ap- 
paratus of Figs. 1-4 is capable of determining glu- 
cose levels non-invasively in a patient in real 
time; and 

Fig. 7 is a graph showing the relation of the scat- 
tering coefficients at two wavelengths in an intra- 
venous fat emulsion as the glucose concentra- 
tion is increased. 

DESCRIPTION OF SPECIFIC EMBODIMENTS 

In the drawings, a sensor instrument is shown for 
non-invasively and quantitatively determining the real 
time concentration of oxyhemoglobin and deoxyhe- 
moglobin within living tissue of the patient Sensor in- 
strument 1 0 comprises a sensor head 12, which com- 
prises a body having a sensor face 14 which may be 
flat or curved for better contact with the contour of a 
patient's arm, thigh, chest, or the like. Sensor 12 is 
placed with sensor face 14 in intimate contact with the 
skin of the patient Cable 16 contains both an optical 
fiber and the electrical wires to convey both optical 
and electronic signals to processor unit 18. Alterna- 
tively, the light detector may be placed on the sensor 
head, and cable 16 is free of optical fibers. Data may 
be displayed at a readout window 20 in conventional 
manner. 

Sensor head 12 carries eight light sources 22, 24 
(individually labelled D r D 8 ) with four each of the re- 
spective light sources 22 and 24 being positioned in 
separate rows so that the respective light sources 22 
and the respective light sources 24 are each at differ- 
ent distances from a conventional light sensor 26. 
Light sources 22, 24 may be light emitting diodes, las- 
er diodes, or any other light source system which is 
capable of being amplitude modulated at the desired 
frequency range. Also, the wavelengths of the light 
sources are chosen to maximize the difference in 
light absorption in this specific embodiment of the 
oxyhemoglobin and deoxyhemoglobin species, spe- 
cifically 700-900 nm. 

By the multiplexer circuit of Fig. 4, the respective 
light sources 22, 24 are turned on and off, one at a 
time, in rapid succession. In this embodiment, the 
light sources are sinusoidally (amplitude) modulated 
at 120 MHz, to provide a frequency that maximizes 
the modulation of the source, and the sensitivity of 
the slopes described above to the scattering and ab- 
sorption coefficients. Also, detectors or sensors 26 
having good sensitivity at this frequency are readily 
available. Likewise, for hemoglobin detection, such a 
frequency provides a maximum signal-to-noise ratio. 

Modulated light signals from the respective light 
sources 22, 24 enter the tissue of the patient, and 
travel in a highly scattered manner through the tissue 
of the patient to sensor 26. The direct transmission of 
light from each light source 22, 24 to sensor 26 with- 
out passing through tissue is prevented by a rubber 
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light shield barrier 30, which projects slightly outward- 
ly from face 14 of sensor head 12. 

The light passing through the tissue which is 
sensed by sensor 26 may be transmitted by an optical 
fiber 32 (Fig. 3), within connecting cable 16, which 5 
cable also carries wires, each communicating be- 
tween sensor head 12 and processor unit 10. Light 
from optical fiber 32 passes to a photomultiplier de- 
tector 34. 

Frequency synthesizer card 25 carries a f requen- 10 
cy generator to provide an RF signal to head 12 and 
LEDs 22, 24 through wire 27 (also in cable 16), with 
conventional circuitry, to impose on the respective 
LEDs 22, 24 an amplitude modulation of 120.0000 
MHz., which is the first frequency described above. 15 

Frequency synthesizer card 25 also carries a fre- 
quency synthesizer which sends a second signal, co- 
herent with the first but modulated at a second fre- 
quency, of 120.0004 MHz, through wire 36 to modu- 
late the gain of photomultiplier detector 34. Thus, an 20 
analogue signal, which is a function of the signals 
through fiber 32 and wire 36, may be sent from detec- 
tor 34 along wire 38 to data acquisition card 40. The 
particular analogue signal sensed by data acquisition 
card 40 may at be the "cross correlation frequency", 25 
which is the frequency of the difference between the 
first and second signals, or 400 Hz. in this example. 
This well established method produces a beating of 
the 120 MHz modulated current in the detector pho- 
tomultiplier with the 120.0004 MHz radio frequency 30 
signal injected at the photomultiplier dynode, the pho- 
tomultiplier output through wire 38 being modulated at 
the 400 Hz cross-correlation frequency. The radio 
frequency harmonics may be rejected by a low pass 
filter at an amplifier in detector 34. 35 

Thus, each light source 22, 24 may be turned on 
for a length of time that is an exact multiple of the 400 
Hz cross-correlation frequency wave period, i.e. for a 
length of time which is 2.5 milliseconds or a multiple 
thereof. In a typical measurement, a minimum of 8 to 40 
about a maximum of 800 periods of the 400 Hz wave 
are collected, depending on the light intensity through 
the tissue obtained at sensor 26. Each of these meas- 
uring periods may be digitized sixteen times. All of the 
collected waves of a measuring period may be aver- 45 
aged together, giving an average wave comprising 16 
points, similar to the process described in Gratton et 
al. U.S. Patent No. 5,212,386. Then, the 16 point 
wave may be transformed using a fast Fourier trans- 
form algorithm to give the value of the phase shift (P) so 
component, the direct current (DC) component, 
and/or the alternating current (AC) component of the 
fundamental harmonic frequency of 400 Hz. 

The above process can be repeated for each of 
light sources 22 and 24. The respective light sources 55 
22 may emit at one wavelength such as 720 nm, and 
the other light sources 24 may emit at another wave- 
length such as 850 nm, to obtain a double set of data. 



Each of the respective light sources 22 are atdifferent 
distances from sensor 26, as are each of the light 
sources 24, so that the data of each of the individual 
light sources of each set will be different, the more 
distant light sources exhibiting greater light attenua- 
tion through the tissue. The result of this can be a set 
of four values of the DC, AC, and phase shift (P) com- 
ponents at each wavelength, dependent on known 
distances of the light sources from the sensor. 

Signals from the light detector 34 received by the 
data acquisition card 40 are digitized by the card (ISS 
A2D card, for example). A computer calculates from 
these data the respective slopes (S) of at least two of 
the DC, AC, and P components provided by each of 
the sets of lights 22, 24, since each of the respective 
lights provides differing values for the DC, AC, and P 
components, coupled with a known, constant dis- 
tance of each light source from sensor 26. This can 
be accomplished as follows: 

Mathematical Background 

In a frequency domain spectrometer the light in- 
tensity is sinusoidally modulated at a frequency f, 
generally in the 100 MHz region. The light source gen- 
erated a photon density wave in the strongly scatter- 
ing medium that propagates at a reduced velocity with 
respect to the velocity of light in water. This is due to 
the large number of collisions of the photons compos- 
ing the photon density wave with the particles in the 
medium. At every point in space, the light intensity va- 
ries sinusoidally at the same frequency of the source, 
but it is phase shifted and attenuated with respect to 
the intensity of the source. The phase shift P and the 
attenuation of the sinusoidal modulated intensity AC 
and also of the average light intensity DC are a func- 
tion of the distance from the source r and of the scat- 
tering (us) and absorption (m) coefficients, plus DC, 
AC and P values. The following relationship holds, 
when both light sources 22, 24 and detector 26 are 
placed on the surface of a large, uniform medium 
such as a patient's arm: 

DC 0 e-^ 



DC 



AC = 



r2 

AC 0 e-^^ 



where 



P = P 0 + rvs Vx-1 



S = " U a (Ha + Ha) 



x = Vy 2 + 1 

y a M 

y vm 

In the above set of equations, the distance r be- 
tween source and detector can be accurately meas- 
ured independently. The first frequency of light mod- 
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illation f is also exactly known, and v is the velocity 
of light in water. The only unknown parameters are the 
scattering and absorption coefficients, and phase, 
DC and AC factors of the modulated light. 

The above equations require that we determine 
separately the value of the phase, DC and AC factors 
of the light Rather than determining these quantities 
independently, it may be more practical to measure 
the values of the DC, AC and P at several distances 
r. The slopes of the plots of ln(r 2 DC), ln(r 2 AC) and P 
as a function of r provide quantities that are indepen- 
dent from the source constants. It is from these 
slopes that the scattering and absorption coefficients 
are measured in this particular implementation of the 
frequency domain spectrometer. By a measurement 
of any two of the above quantities, i.e., DC and P, AC 
and P and DC and AC, we can determine the optical 
parameters of the medium if we first determine the 
slopes of the plots defined above. Let us indicate with 
Sdc> S ac . and S p the three slopes previously defined. 
The equations that relate m and to the above 
slopes can be obtained from the following formulas: 

Ha = ^(X*-1)-» 

(used for determining concentrations) 
S 2 



Us 



3u* 



(which may be used to determine imaging properties, 
see Patent No. 5,213,105. 

Thus, the absorption and scattering coefficients 
can be measured independently. 

The symbols X and S are defined as follows for 
the 3 different pairs of possible measurements. 
Using AC and phase measurements 
S 2 + S 2 

Y - «c P 

S* - SL 

P 



s = Vs» - s 2 

BO p 

Using DC and phase measurements 

s = s dc 

and using DC and AC measurements 

Thus, m and u« can be calculated by the above 
equations. 

As stated above, any two out of the three slopes, 
once calculated as above by data acquisition card 40, 
may be used to electronically compute by card 40 the 
values of the scattering and absorption coefficients 
at each of the wavelengths used respectively by the 
lights 22 and 24. Preferably, the phase shift (P) slope 
and the DC slope are the values used for computing 
the scattering and absorption coefficients. From 
these values, the absolute concentrations of oxyhe- 



moglobin and deoxyhemoglobin can be calculated us- 
ing the following relationships. 

€01 G d2~ G 02€d1 



[D] 



Ha2 e 01 - miGo2 



Where e is the extinction coefficient, the sub- 
script d1 represents the extinction coefficient of de- 
oxyhemoglobin at the first wavelength (for example 

10 720 nm); the subscript d2 represents the extinction 
coefficient of deoxyhemoglobin at the second wave- 
length (for example 850 nm). The subscript o1 repre- 
sents the same coefficient for oxyhemoglobin at the 
first wavelength. The subscript o2 represents the 

15 same coefficient for oxyhemoglobin at the second 
wavelength. 

Extinction coefficients for hemoglobin at various 
wavelenghts are available in the book by R. Lemberg 
and J.W. Legge entitled Hematin Compounds and 
20 Bile Pigments (Interscience, N.Y.) 1 949. Specifically, 
the values for the various subscripts of epsilon are as 
follows: d1=921; d2=414; o1=230; o2=576, in units of 
MoMcrrr 1 - 

n a1 and are the respective absorption coeff i- 
25 cients respectively at the first wavelength and the 
second wavelength for oxyhemoglobin and deoxyhe- 
moglobin, dependent on the equation. 

It can be seen that the above equations require 
the use of two different wavelengths of light, which 
30 can be emitted respectively from light sources 22 and 
light sources 24 as previously described. 

From the above concentrations of the oxy and de- 
oxy species, the oxygen saturation and the blood vol- 
ume can be obtained using the following relation- 
35 ships. 

Oxygen saturation of hemoglo- 
bin = 100%[O]/[O] + [D]); 
Total hemoglobin = [O] + [D] 
In this specific embodiment, accurate values of 
40 tissue oxygenation can be obtained in a fraction of a 
second. Thus, a record of hemoglobin saturation for 
an individual patient may be provided overtime, as il- 
lustrated for example in Fig. 5, by the simple applica- 
tion of sensor head 12 to the skin of the patient. 
45 It is not necessary to use all of the light sources 
22, 24 in every procedure of the apparatus of this in- 
vention. More light sources, for example 1 6 or 32, may 
be used. Also, a multiplexing principle may be applied 
to a much larger number of light sources, if desired, 
50 for the simultaneous determination of the concentra- 
tion of more metabolites, or other metabolites from 
data which is more difficult to acquire. If a fewer num- 
ber of light sources are used than 4 or 8, the rate of 
data acquisition can be increased accordingly. A high- 
55 er acquisition rate can allow the determination of sig- 
nals correlated with heart and breathing rhythms. 
If desired, a pair of detector heads may be provid- 
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ed to process signals from differing detectors or sen- 
sors 26 positioned at different locations on the body, 
or at different sampling rates, so that fast and slow 
processes can simultaneously be measured. 

Cross correlation frequencies used herein may 5 
typically vary from about 40 Hz to about 4000 Hz with 
relatively comparable results. The use of higher val- 
ues for a cross-correlation frequency allows better 
detection of faster processes. 

Referring to Fig. 6, the graph shown represents 10 
the data obtained on a group of human volunteers, the 
volunteers drank an amount of glucose representing 
two grams of glucose per kg. of body weight. Then, 
using apparatus as described in this invention, the 
scattering coefficient was monitored at regular inter- 1 5 
vals for two hours, with a typical run being shown as 
Fig. 6. Two curves of data points are shown, the tri- 
angular data points being taken with infrared light at 
850 nm and the lower data points being taken with in- 
frared light at 720 nm. 20 

As can be seen, the zero point time represents 
the original scattering coefficient achieved when the 
head 12 of the photometric unit is placed on the thigh 
of the patient. After ingestion of the glucose, the scat- 
tering coefficient drops substantially to a minimum, 25 
and then rises at a slower rate back to a value which 
is approximately the same as the original value. The 
slight "rebound" of the scattering coefficient at 850 
nm may indicate a physiological response to the load 
of sugar, resulting in a slight decrease in the normal 30 
blood sugar level. 

From these data, it can be seen that the blood glu- 
cose level of volunteers can be monitored on a real 
time basis by monitoring of the scattering coefficient 
of light passing through a portion of the body of the 35 
patient. 

Referring to Fig. 7, an intravenous fat emulsion 
(Intralipid brand fat emulsion) is provided with in- 
creasing concentrations of dissolved glucose as 
shown. The scattering coefficient of light through the 40 
fat emulsion-sugar solution was determined at a va- 
riety of known concentrations, and is shown to de- 
crease in a predictable manner dependent upon the 
concentration of glucose present. 

While the light source multiplexer of Fig. 4 was 45 
constructed in this embodiment using mechanical re- 
lays, solid state switches may be used as a substitute 
if there is a desire to sequentially illuminate the re- 
spective lights 22, 24 at a rate faster than 2.5 millisec- 
onds. 50 

The respective light sources should be calibrated 
to give comparable light intensities at the detector 26. 
This may be done by the addition of series resistors 
to decrease the current in some of the light sources 
as needed. Light source equilibration permits the use 55 
of all the dynamic range of an analogue-to-digital con- 
verter, and may be done at the time of construction 
of the instrument 



However, it is desirable to periodically check the 
light source calibration for drifts over long use in the 
light source illumination characteristics. This calibra- 
tion may be performed by placing head 12 on a solid 
block of a substance of known absorption and scat- 
tering coefficients, to determine the intensity of each 
light source as sensed by sensor 26. Note that this 
calibration procedure is different from the calibration 
of the present commercial oxymeters that need to be 
calibrated according to certain statistical tables based 
on the photometric characteristics of the particular 
tissue to be measured. The calibration that should be 
periodically accomplished in the instruments of this 
invention is a simple measurement of the light emis- 
sion characteristics of the respective lights 22, 24, 
and nothing more. 

The instrument of this invention permits direct, 
on screen, simultaneous monitoring in real time of 
several tissue parameters such as tissue oxygena- 
tion and total blood volume. Other physiologically im- 
portant parameters such as blood flow and oxygen 
consumption can be computed as well from the inde- 
pendently determined concentration of oxyhemoglo- 
bin and deoxyhemoglobin, and the timed depend- 
ance of such parameters directly during a medical 
procedure, surgical operation, or the like. 

The instrument described above in accordance 
with this invention utilizes the distance dependence 
of at least two out of three of the DC, AC, and phase 
shift values to calculate the scattering and absorption 
coefficients, preferably at two different wavelengths. 
The data obtained by this invention can also be used 
with different algorithms from that disclosed above to 
obtain desired information. 

Both frequency synthesizer card 25 and data ac- 
quisition card 40 may basically be of the type descri- 
bed in the previously cited patents. Modifications of 
these cards for purposes of this invention may be 
readily accomplished by those skilled in the art. 

The above has been offered for illustrative pur- 
poses only, and is not intended to limit the scope of 
the invention of this application, which is as defined 
in the claims below. 



Claims 

1. A sensor instrument for parameters of a highly 
scattering medium, which comprises: 

a sensor head having a face for contact 
with the medium; 

a sensor for detecting light striking a por- 
tion of said face; 

a plurality of light sources positioned to 
pass said light through said face, said light sourc- 
es being of differing distances from said light sen- 
sor; 

a timing circuit for causing sequential illu- 
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mination and shutting off of said light sources; 

a circuit for modulating the intensity of said 
illuminated light sources to provide amplitude 
modulated light signals at a first frequency; 

means for providing a second signal co- 5 
herent with said amplitude modulated light sig- 
nals, at a second frequency, to the light sensor, 

means for modulating the gain of, or for 
multiplying the output of, said light sensor by said 
second signal, said second frequency being dif- 10 
ferent from said first frequency; and 

means for deriving a resultant signal from 
said light sensor while receiving said modulated 
light signals, said resultant signal being at a fre- 
quency of the difference between the first and 15 
second frequencies, to detect at least two of 
phase shift, DC, and AC components of said light 
signals which pass sequentially from said light 
sources through the medium to said light sensor. 

20 

2. The sensor instrument of Claim 1 which further 
comprises a shield to prevent the direct access of 
light from said light sources to said light sensor 
without passing through said medium. 

25 

3. The sensor instrument of Claim 1 in which a proc- 
essor is provided for computing the slopes of at 
least two of said phase shift, DC, and AC compo- 
nents provided by signals from said plurality of 
light sources of differing distances. 30 

4. The sensor instrument of Claim 3 in which said 
processor is also for computing at least one of the 
scattering and absorption coefficients of the me- 
dium being measured from said slopes. 35 

5. The sensor instrument of Claim 4 in which said 
medium is tissue, and said processor computes 
absolute concentrations of at least one of oxyhe- 
moglobin and deoxyhemoglobin present in said 40 
tissue, making use of said computed absorption 
coefficient, and means for display of said concen- 
tration as a real time value. 

6. The sensor instrument of Claim 1 in which the in- 45 
tensity of light from said light sources is ampli- 
tude modulated at 10-500 MHz, and the second 
frequency of the second signal differs from said 

first frequency by about 10 Hz-100 KHz. 

50 

7. The sensor of Claim 1 in which the wavelength of 
said light is from about 650 nm to about 1 ,000 nm. 

8. The method which comprises: 

sequentially illuminating and shutting off a 55 
plurality of light sources which are spaced at dif- 
ferent distances from a light sensor while modu- 
lating the intensity of light from said light sources 



at a first frequency, while also passing said 
modulated light through a highly scattering sam- 
ple for testing and then to said sensor; 

providing a signal coherent with said 
modulated light at a second frequency to said 
light sensor; 

modulating the gain of, or multiplying the 
output of, said light sensor by said coherent sig- 
nal, said second frequency being different from 
said first frequency; and 

deriving resultant signals from the sensor 
while sequentially receiving said modulated light 
from said plurality of light sources said resultant 
signals being at a frequency of the difference be- 
tween the first and second frequencies, to detect 
at least two of phase shift, DC and AC compo- 
nents of said modulated light as sensed by the 
sensor, 

9. The method of Claim 8 in which each of said plur- 
ality of light sources is sequentially illuminated for 
a length of time that is an exact multiple of a wave 
period having a frequency which comprises the 
difference between said first and second fre- 
quencies. 

10. The method of Claim 9 in which information 
sensed by said light sensor from each light 
source is summed and averaged from about 8 to 
about 800 times to obtain an intensified average 
of the photometric information received from 
each light source. 

11. A method of determining the relative concentra- 
tion of a material in a turbid medium which com- 
prises: 

shining light through said turbid medium; 

determining the scattering coefficient of 
said light that has passed through said turbid me- 
dium; and 

comparing said scattering coefficient with 
a previous scattering coefficient of said turbid 
medium. 

12. The method of Claim 11 in which said light shining 
through said turbid medium is provided by se- 
quentially illuminating and shutting off a plurality 
of light sources which are spaced at different dis- 
tances from a light sensor while modulating the 
intensity of said light from said light sources at a 
first frequency, and in which a signal at a second 
frequency, coherent with said modulated light, is 
provided to said light sensor. 

13. The method of Claim 11 in which one modulates 
the gain of, or multiplies the output of, said light 
sensor by said coherent signal, said second fre- 
quency being different from said first frequency, 
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and one further derives a resultant signal from 
the sensor while sequentially receiving said 
modulated lightfrom said plurality of light sources 
through said turbid medium, said resultant signal 
being at a frequency of the difference between 5 
the first and second frequencies, to detect at 
least two of phase shift, DC, and AC components 
of said modulated light as sensed by the sensor, 
compared with the modulated light as originally 
emitted by the light sources. 10 

14. The method of Claim 11 in which each of said 
plurality of light sources is sequentially illuminat- 
ed for a length of time that is an exact multiple of 

a wave period having a frequency which compris- 15 
es the difference between said first and second 
frequencies. 

15. The method of Claim 11 in which information 
sensed by said light sensor from each light 20 
source is summed and averaged from about 8 to 
about 800 times to obtain an intensified average 

of the photometric information received from 
each light source. 



16. the method of Claim 11 in which said material is 
glucose. 



25 



30 



35 



40 



45 



50 



55 



10 



EP 0 663 591 A1 




11 



EP 0 663 591 A1 




EP 0 663 591 A1 




EP 0 663 591 A1 




!2£ 

b 

< LU 

o 

to UJ 



I 

5 



14 



EP 0 663 591 A1 




EP 0 663 591 A1 



4 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



AppHtrtwi Nanbor 

EP 94 30 9361 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of docament with indication, where 
of relevant passages 



CLASSIFICATION OF THE 
APPLICATION (Inta.6) 



A,D 



WO-A-90 09003 (NIM, INCORP.) 

* page 3, line 5 - line 18 * 

* page 4, line 13 - page 11, line 13; 
figures 1-3 * 

GB-A-2 228 314 (HAMAHATSU PHOTONICS K.K.) 

* abstract * 

* page 4, line 11 - page 9, line 3; figure 
1 * 

TRENDS IN ANALYTICAL CHEMISTRY, 

vol.5, no.10, November 1986, AMSTERDAM, NL 

pages 257 - 263 

J.R.UkKOWICZ ET AL frequency-domain 
fluorescence spectroscopy, a new method 
for the resolution of complex fluorescence 
emision 1 

* page 259, left column, line 20 - page 
261, right column, line 5; figures 3-6 * 

US-A-5 213 105 (ENRICO GRATT0N ET AL) 

* abstract * 

* column 8, line 9 - line 56; figure 1 * 



1,5-8, 
11-13 



1,5,16 



1,8,11, 
12 



G01N21/47 
A61B5/00 



TECHNICAL FIELDS 
SEARCHED (IntCU) 



A61B 
G01N 



The promt search report has been drawn up for all 



McoofiMnl 

BERLIN 



22 February 1995 



Welhs, J 



CATEGORY OF CITED DOCUMENTS 



X : pirtkulariy retariot tf Ukes alooe 
Y : partkuUriy rdwut tf con bleed with 
fecuaat of the nnecattprf 

A : technological bacagnxud 

0 . ... ... . 

P: 



toafcrMng 
E : auiier psioat document, but p 

sftar the filing site 
D i tfocuaunt died In the 
L : toconent dttd for otb 



of the sane 



16 



